In the present work, nano-sized titanium carbide (TiC) particles were successfully synthesized through a process of producing carbon coated titanium precursors, heating these precursors under vacuum conditions at 1450 C for 2 h, and treating the products in hydrogen/argon (1 : 1) mixed gas or hydrogen gas. The effects of carbon content, pressure and temperature of removing excess carbon on the TiC products were examined by using XRD, SEM, TEM and DTA-TG analysis. Experimental results demonstrated that TiC powders with a single phase were obtained when the molar ratio of Ti to C ranged from 1 : 2 to 1 : 4. With changing the molar ratio of Ti/C in the precursors, the particle size of the synthetized TiC powders varied from 30 to 200 nm. After treatment in the hydrogen/argon mixed gas at 830 C for 3 h, the TiC product accounted for a high TiC purity of 99.36% and possessed a small grain size of about 20 nm. The vacuum calcination method coupled with the hydrogen/argon mixed gas process applied in this work would be an efficient way to obtain nano-sized and purified TiC particles, which hold great promising for industrial purposes.
Introduction
As one of the promising transition metal carbides, titanium carbide (TiC) has a particular importance in key high technologies from mechanical to chemical and microelectronic elds, due to its high melting temperature (3067 C), high Vickers hardness (29) (30) (31) (32) (33) (34) , good electrical conductivity (3 Â 10 7 U cm À1 ), relatively low density (4.91 g cm À3 ), good thermal conductivity and high thermal shock resistance, as well as high abrasion resistance. [1] [2] [3] [4] [5] [6] Titanium carbide powders are oen used for manufacturing cutting tools, aerospace materials, grinding wheels, abrasive-resistant materials, polishing paste, and magnetic recording heads, as well as crucibles for smelting metals. [7] [8] [9] [10] In cermets, titanium carbide can substitute for another transition metal carbide, tungsten carbide (WC), because of their similar properties such as high hardness and high resistance to corrosion. The most important benet can be attributed to the fact that titanium carbide needs a cheaper binder nickel (Ni) in comparison with cobalt (Co), which is required in WC based cemented carbide.
11 Recent years, titanium carbide begins to work as a catalyst support, which could promote catalytic activity through synergistic effects, and it also plays a catalytic role in electroanalytical processes, which displays fast electron transfer in particular quinine system.
12-14
For example, Leerang Yang 15 reported that a monolayer of platinum (Pt) on titanium carbide thin lm exhibited similar hydrogen evolution reaction (HER) activity as bulk Pt, which was attributed to similar hydrogen binding energies between Pt/ TiC and Pt from density functional theory (DFT) calculations. Qizhi Dong et al. 16 generated a PDDA functionalized TiC as a catalyst support for Pd catalyzed electrochemical reaction. Their results indicated that Pd/TiC(P) catalyst owned the better resistance to carbon monoxide (CO) poisoning, catalytic activity and stability towards formic acid electrooxidation compared with Pt/TiC and Pd/C. For all those applications, developing a more efficient and inexpensive process for generation of titanium carbide with a narrow distribution of particle size and ultrane particles as well as loose agglomeration to expend application of this advanced material is of great importance.
Titanium carbide is commercially produced from the reduction of titania by carbon in a temperature range between 1700 C and 2100 C. [17] [18] [19] [20] Besides, a wide variety of preparation approaches were reported to synthesize titanium carbide powders. For instance, pure TiC could be prepared at 1200 C through microwave carbothermal reduction methods. 21 Kun Zhao et al. produced nano-sized TiC from molten NaCl-KCl. 22 In addition, Zhypargul Abdullaeva and his co-workers 23 fabricated TiC@C core-shell nanoparticles through pulsed plasma in liquid, and powder immersion reaction assisted by coating method was employed by Xiaowei Yin.
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Among those synthesis methods, carbothermal reduction method may be the most commonly used process to produce TiC. 25, 26 However, aer this procedure some undesirable phases may be included in the nal products. Conventionally free carbon is the most frequent phenomena, and it would make difficulty to apply the obtained TiC in engineering and industrial areas. In the eld of titanium carbide cermet, free carbon signicantly inuences the microstructure and mechanical properties (transverse rupture strength, fracture toughness and hardness) of the TiC cemented carbide. 27 Therefore, researchers devoted to cleaning free carbon via various strategies, such as oxidation, 28, 29 melting process with calcium, 30 and hydrogen treatment. 31, 32 Nevertheless, the effect of cleaning was not as good as expected. The TiC products could be oxidized as well, and some new impurities were introduced into the system, so the aer-treated TiC could not be used directly.
Hence, in the current work, we rst employed sol-gel method to obtain precursors which included metal alkoxide and polymeric carbon for the formation of TiC nanoparticles with high homogeneity at a molecular scale. 33 In addition, the vacuum heat-treatment procedure was carried out to form TiC using a lower carbon content at a relatively low temperature. Aer treated in the vacuum furnace, a post-processing in hydrogen/argon (1 : 1) mixture and hydrogen gas atmosphere was followed to achieve considerably high TiC amount. Furthermore, the effects of carbon content, pressure and temperature for removing of excess carbon on the TiC nanoparticles were studied. Our work provides a facile and rapid approach for purication of titanium carbide as well as other transition metal carbides (TMCs), which would be used for industrial and technological applications. (China). The phenol-formaldehyde resin was of industrial grade and its carbon yield was about 58% identied from TG result. All the other chemicals were of analytical reagent grade and were used as received without further purication. All aqueous solutions were prepared with de-ionized water (D.I. water).
Experimental

Preparation of titanium carbide
Carbon coated precursors were rstly synthesized through a solgel method. and ethanol with the pH value of about 3 was dropped into the alkoxide solution. The pH value of the system was maintained in the range of 3-3.5 through adding nitric acid solution.
Dened amount of phenol-formaldehyde resin as carbon source was dissolved in ethanol, and then introduced to the system according to the Ti/C molar ratio varying from 1 : 1 to 1 : 4. Eventually, the carbon-coated TiO 2 sol solution formed. The gel precursors were obtained aer aging at room temperature, followed by drying at 120 C to a constant weight and grinding into powders. A vacuum condition was involved to calcinate the precursors. Approximately 3.0 g precursors powders were pressed into wafers (8 mm in length, 20 mm in diameter) under a uniaxial pressure of 15 MPa. Aerwards, the wafers were placed in graphite crucibles at the center of the graphite vacuum furnace. Keep these precursors reacted at 1450 C for 2 h with a heating rate of 5 C min À1 . The pressure of the vacuum heating process was maintained at about 10 Pa. The specic condition of each sample was listed in Table 1 .
Hydrogen treatment
Both pure hydrogen and hydrogen/argon (1 : 1) process were employed to remove the excess carbon covered on the particle surfaces. The prepared powders were treated in owing gas at various conditions for 3 h with heating rate of 5 C min
À1
. Aer reaction, the samples were naturally cooled down to ambient temperature. The step-by-step procedures from carbon-coated precursors to puried TiC nanoparticles were displayed in Fig. 1 .
Characterization
Thermo gravimetric analysis (TGA, 209F1, NETZSCH, Germany) was used to examine the carbon yield of phenolic resin and the thermolysis process of the prepared TiC powders. Approximately 5 mg of the produced powders and phenolic resin were heated under air and argon, respectively, from 25 C to 1000 C with a heating rate of 10 C min À1 with an empty Al 2 O 3 crucible as a reference. X-ray diffraction (XRD, DX-1000X, Dandong Fangyuan, China) using a Cu target as radiation source (l ¼ 1.540598Å) operated at 40 kV was carried out to analyze the phase composition of the produced powders. The diffraction angles (2q) were set between 20 and 80 with a step size of 0.03 s À1 .
The morphology of the samples was directly observed by eld emission scanning electron microscopy (FE-SEM, S-4800, Hitachi, Japan). Samples for SEM imaging were xed on the sample platform through the conductive tape.
Transmission electron microscopy (TEM, Tecnai G2 F20 STwin, FEI, USA) was used to observe morphology of the prepared particles and identify crystal plane by HR-TEM and selected area electron diffraction (SEAD) images. TEM images were prepared through placing a drop of the suspensions of TiC powders in ethanol onto the carbon-coated copper grids. SAED was also recorded using the same equipment.
Results and discussion
TG curve of phenolic resin was shown in Fig. 2 . It was clear from the TG curve that there was a slight weight decrease from 200 C to 400 C, and then a dramatic drop followed between 400 C and 700 C. Above 700 C, the weight gradually fell to a constant.
The slight decrease of weight happened in low temperature could be ascribed to volatilization of small molecules including crystal water, carbon monoxide and carbon dioxide. While the sharp drop from 400 C to 700 C indicated that most phenolic resin decomposed into gaseous substance including oxycarbides and hydrocarbons, and then they were taken away by the owing argon. The constant of the TG curve meant that aer pyrolyzation, the residual phenolic resin was a kind of solid carbon which could be used as the carbon source in present work. The carbon yield of phenolic resin was about 57.64%, a relative high carbon content. Then, TiC-3 precursor was selected as representation to illustrate its microstructure and composition through SEM, EDS and XRD analysis as shown in Fig. 3 . The XRD patterns conrmed that the precursor contained amorphous carbon and titanium dioxide. Noncrystalline carbon had no characteristic peak in XRD patterns due to its amorphous state. (Fig. 3b ) of the precursor revealed the presence of uniform particles with diameter of several hundred of nanometers. The inserted EDS spectra indicated that the precursor was constituted of C, O and Ti elements. Another two peaks appeared at 2.12 keV and 9.71 keV corresponded to metal Au, which was distributed on the surface of precursor before SEM test. Therefore, the results of the crystal structure, morphology, and elemental composition analyses demonstrated that the precursor was composed of amorphous carbon and titanium dioxide. sphere. It was pronounced that pure titanium carbide formed when the molar ratio of Ti/C ranged from 1 : 2 to 1 : 4. When in the 1 : 1 molar ratio case, the phase of nal products was identied to be titanium oxycarbide (TiO x C y ), which showed a slightly right shi compared with pure TiC. The preparation of titanium carbide based on the chemical reaction between C and TiO 2 , as shown by eqn (1). 34 From the equation, it was clear that the 1 : 3 molar ratio of Ti/C was needed to form one mole stoichiometric TiC. Therefore, the precursor with 1 : 1 Ti/C without enough content of carbon made difficulties to obtain pure single-phase titanium carbide.
Phase characterization of titanium carbide powders
With the increase of carbon content, the reduction process proceeded and the C atoms substituted for O atoms gradually. When the Ti/C ratio dropped to 1 : 2, pure titanium carbide appeared. As the content of carbon increased, the higher degree of crystallization of TiC emerged. In our work, the lower carbon content for the appearance of pure titanium carbide might be attributed to the compression moulding procedure. The produced reductive gas CO within the compressed precursor could not be taken away immediately, which played an important role as carbon source during the reduction process. Thus, vacuum calcination used here could reduce the use of carbon source compared with those carried out at an atmospheric pressure.
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The intensity of diffraction peaks for TiC-3 sample was higher compared with that of TiC-2 sample. It could be seen from the patterns that diffraction peaks of TiC-4 matched with the standard spectra of TiC (JCPDS 65-7994), indicating TiC is the predominant composition in TiC-4 sample. However, TiC-4 displays lower and broader diffraction peaks compared with the reference of standard spectra of TiC and other TiC groups (TiC-2 and TiC-3), suggesting some TiC x O y regions between the TiC crystallites. Besides, according to Scherrer formula, 29 TiC-4 samples had the smallest particle size among these TiC powders, which implied that excess carbon could impede the growth of crystallites. 25 This difference in particle size was also demonstrated by the SEM images. The average grain size of products for 1 : 2-1 : 4 Ti/C molar ratio was calculated by Scherrer formula and was listed in Table 2 .
SEM observation of titanium carbide powders
Micrographs of products with different carbon contents at 1450 C for 2 h were depicted in Fig. 5 . It was interesting that the shape and size of particles altered with the increase of carbon content, especially when the Ti/C molar ratio varied from 1 : 2 to 1 : 3. Fig. 5a showed that in the 1 : 2 Ti/C molar ratio case the size of polyhedral product varied from 150 nm to 250 nm. As for the 1 : 3 Ti/C molar ratio, the product was made up of spherical particles with its diameter ranging from 30 nm to 40 nm, which illustrated by Fig. 5b . We also could observe that these small spheres were separated from each other, which were much more different from TiC-2 sample. The diameter of sample TiC-4 was about 30 nm and loosely arranged as shown in Fig. 5c . From Fig. 5a to c, it was clear that with the increase of carbon dosages, particle size and level of agglomeration decreased. When the content of carbon increased, the shape of products changed from polyhedrons to spheres, and the size decreased from about 200 nm to 30 nm. Moreover, these differences between the products of TiC-2 and TiC-3 were much larger than those of TiC-3 and TiC-4, which suggested that the 1 : 3 Ti/C molar ratio was the optimum for formation of nano-titanium carbide. Actually, the reports in term of the relationship between carbon content and the size of particles were still rare. During the carbothermic reduction process, pyrolytic carbon homogeneously distributed and covered on the surface of TiO 2 precursors. Aer complete reaction, excessive carbon separated and hindered the growth of TiC particles, therefore the agglomeration and growth of particles were eliminated.
Removing excess carbon
Excess carbon enables to hinder particles growth and alleviate the agglomeration of produced powders, and it may also cover on the surface of TiC particles and cause an augment of the TiC average size, thus resulting in reducing its application possibility, especially in the eld of cemented carbide. Loads of surface cleaning processes have been developed and investigated in previous literature. 28, 29, 35 Among them, the removal of excess carbon by hydrogen is the most extensively used due to the simple procedure and controllable reaction. 31, 32 Unfortunately, high temperature which is required to the removal of amorphous carbon from surface layer would lead to the decarbonization of TiC, thus affects the performance of TiC powders. In the present work, we have studied the inuence of treatments at different temperatures under both hydrogen/argon (1 : 1) mixture gas and pure hydrogen gas on the prepared TiC-2 and TiC-3 products. Fig . 6 showed the TGA results of samples before and aer cleaning excess carbon under air atmosphere. We could see that the oxidation behaviours of TiC-2 and TiC-3 samples were quite different. From Fig. 6a , the increase of weight with temperature was seen for all samples. At the temperature of 500 C untreated sample and treated sample at 800 C had a small leap in weight, and then the weight rose gradually. While the weight of the sample treated at 830 C increased steady when temperature rose up. From 700 C to 1000 C the weight showed up a sharp enhancement for all of those samples, and aer 1000 C they reached their constant at 125.12%, 128.17% and 132.48%, respectively. Eqn (2) displayed the oxidation reaction of TiC, and the theoretical weight increase for pure TiC was calculated to be 33.33% aer the oxidation process. The sample composition was calculated from the nal mass change, assuming the presence of titanium carbide and amorphous carbon in the product. When TGA was carried out in air atmosphere, TiC and carbon were reacted with oxygen to form TiO 2 and CO 2 according to eqn (2) and (3). Thus, TiO 2 was the only solid product aer as-prepared powders suffered from TGA test.
The weight fraction of TiC and free carbon present in the nal synthesized powders were determinate as follows:
where m is the nal weight percent of the solid resultant TiO 2 obtained from TGA curve. M TiC and M TiO 2 denote the molecular weight of TiC and TiO 2 , respectively. Table 3 illustrated the weight proportion of TiC and amorphous carbon for products before and aer treated at different conditions. The results showed that TiC-2 sample aer treated in owing mixture gas at 830 C accounted for 99.36% TiC, higher than that of the untreated counterpart and the treated TiC-2 sample at 800 C with the proportion of 93.84% and 96.13%, respectively. Besides, curves of TiC-3 in Fig. 6b had several disparities in comparison with TiC-2 in Fig. 6a . The initial oxidation temperature, the temperature of maximum weight percentage and the temperature at reaching a constant of TiC-3 were much lower than those of TiC-2. At the temperature of 300 C, the weight of pristine TiC-3 started increasing and speedily peaked at 125.93% around 450 C. Then the weight fell dramatically from 450 C, which could be ascribed to the continuous release of CO 2 , and ended at 550 C with a constant weight proportion of 106.37%. For the sample treated at 800 C, the weight declined at the temperature of 400 C and ended at 500 C, aerwards the TG curve reached a constant even if temperature increased. In the oxidation process, TiC and amorphous carbon was reacted with oxygen which led to the increase and decrease of weight respectively. In terms of sample treated at 800 C, the decrease of weight indicated that amorphous carbon did not be removed completely aer the treatment. It was noticeable that the constant was much lower than that of pristine sample which meant that aer treated via the mixture gas process, TiC-3 sample had a lower TiC content. It was clear from Fig. 5b that the particles for TiC-3 product were about 30 nm which was much smaller than that of TiC-2 sample. The smaller the particle size was, the greater the reaction activity has. Unfortunately, at the temperature of 800 C amorphous carbon could not be removed completely, but might induce the reaction between nano-TiC particles and H 2 , resulting in generation of Ti x H y complex and being carried off by owing gas. In order to compare with TiC-2 sample, TiC-3 product was also treated at 830 C. However, the TGA result suggested that higher temperature had no positive effect on achieving a higher titanium carbide content for TiC-3. Fig. 6c and d showcased TGA curves of the prepared TiC-2 and TiC-3 products, which were treated under pure hydrogen gas. The most impressive distinction of samples treated in the two atmospheres was the much lower TiC weight percent aer treated under pure hydrogen gas. As could be seen in Fig. 6c , samples treated at 800 C and 830 C had the same variation of decrease and increase in weight percent, nally reaching a constant. The weight increase of the obtained samples treated at high temperature in hydrogen was much lower than that of the untreated sample, which might ascribe to the formation and drain of Ti x H y . Aer treated at 830 C under pure hydrogen, sample had a less weight loss happened at 400 C and it displayed a larger resultant weight percent of 116% compared with that of sample treated at 800 C. The larger resultant weight percent indicated that higher temperature could lead to a strong reaction between amorphous carbon and hydrogen, and thus generating a larger content of titanium carbide. In Fig. 6d , TGA curves of the aer-treated samples in pure hydrogen had the identical tendency with those in Fig. 6b , but had a much lower weight percent than the samples treated in H 2 /Ar mixture gas. When temperature reached 800 C, pure hydrogen treatment could result in more loss of titanium than under the hydrogen/argon mixture gas treatment, suggesting that hydrogen/argon mixture gas process had a higher efficiency in removing excess carbon and attaining a high TiC content without decarburizing carbidic carbon.
In our study, we found that volume of hydrogen, temperature and holding time were all played crucial role in purifying obtained products. Among them, volume of hydrogen was the most signicant factor inuencing products. Under the pure H 2 condition, the volume of hydrogen was much high, hydrogen would not only react with amorphous carbon but also with carbidic carbon promptly, which led to the formation of hydrocarbon and titanium hydride. These gaseous resultants would be carried out by owing gas, resulting in the drain of titanium source. Thus, in the pure H 2 atmosphere, it was hard to get rid of amorphous carbon and completely leave carbidic carbon behind in the products. While in the H 2 /Ar (1 : 1) mixture gas condition, a relatively low concentration of hydrogen, the purication process was more controllable than that in the pure hydrogen atmosphere. Hydrogen as a reducing agent could slowly reacted with amorphous carbon covered on the TiC through regulating processing temperature. Hence, the puried TiC could be obtained without decarbonizing carbidic carbon under the H 2 /Ar (1 : 1) mixture gas atmosphere. This was the main reason why pure H 2 was difficulty to obtain pure TiC without completely cleaning of carbidic carbon compared with H 2 /Ar atmosphere. Hence, it was necessary to control the volume of hydrogen at an appropriate temperature. TGA result indicated that the hydrogen/argon (1 : 1) mixture gas process combined with a proper temperature was an efficient way to remove excess carbon covered on the surface of TiC products. As for TiC-2 product, holding the temperature at 830 C for 3 h was the optimum condition which resulted in 99.36% TiC product purity. However, we could not obtain a high TiC content in TiC-3 group as same as that of TiC-2 because of its nano-sized particle.
3.4. TEM morphology of titanium carbide powders Fig. 7 and 8 displayed the TEM images of TiC-2 and TiC-3 products before and aer hydrogen/argon mixture gas treatment. It could be seen from Fig. 7a -c that the grain of obtained titanium carbide varied from 10 nm to 30 nm surrounded by amorphous carbon which had no identied size (from several to several tens of nanometers). As shown in Fig. 7d and e, TiC-3 powders possessed more carbon content than TiC-2 samples, which in turn increased the amorphous carbon covered on the TiC particles. Fig. 8 showed the TEM images of TiC-2 and TiC-3 products treated under hydrogen/argon mixture gas at 830 C for 3 h.
Puried TiC-2 grains without amorphous carbon could be seen from Fig. 8a , and the average grain size was 20-30 nm. HR-TEM image in Fig. 8b showed that the crystalline interplanar spacing of as-prepared TiC-2 was 0.25 nm which indexed to the (111) plane of titanium carbide. Aer the hydrogen/argon mixture gas process, TiC-3 sample still had a little free carbon covered on the surface of titanium carbide particles, which also could be demonstrated by the weight decrease in Fig. 6b . The conclusion could be drawn was that 830 C for 3 h was an optimum condition to purify the product TiC-2 and obtain a high TiC content, which was also conrmed by Fig. 6a . As mentioned above, titanium carbide is commonly produced from the solid reduction reaction of titania by carbon in a temperature range between 1700 C and 2100 C. [17] [18] [19] [20] High temperature process consumes a large amount of energy and enhances the cost of TiC products. Our research presented a facile method to prepare pure TiC nanoparticles without amorphous carbon. Compared with previous literatures, 36,37 our products without any crystal impurities could be obtained at a relative lower temperature. Therefore, through these studies, it was clear that the mixture gas process can efficiently remove amorphous carbon and provide a higher TiC content with smaller particle size, which could be used as an additive to improve the mechanical strength of TiC-based cemented carbide.
Conclusions
In conclusion, we prepared nano-structured titanium carbide through vacuum calcination and successfully removed the excess carbon via hydrogen/argon (1 : 1) mixture gas for the rst time. At the vacuum condition, nano-TiC could be obtained readily at lower temperature of 1450 C with the Ti/C ratio ranging from 1 : 2 to 1 : 4. It was noticeable that the average particle size of products decreased and level of agglomeration declined as the increase of carbon content. Besides, we found that the hydrogen volume in cleaning gas played a fatal role in formation and the purity of TiC product. Aer treated in hydrogen/argon (1 : 1) mixture gas, TiC-2 had a high purity of TiC (wt% ¼ 99.36%), and the corresponding TEM images showed that puried particles without any amorphous carbon covered on it. By contrast, pure hydrogen would make difficulty to obtain pure TiC without completely cleaning of carbidic carbon. In summary, the aer-treated TiC particles with a high purity and small particle size could be applied in the elds of titanium carbide cermet and electrocatalyst in our further research. More importantly, the facile production process we provided is expected to achieve the industrialization of TiC powders because of the low cost, good operability and simplication.
